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AND PLASTIC OPTICAL FIBER, 



Technical Field 

The present invention relates to a method of manufacturing 
a preform for plastic optical components, a preform manufactured 
10 by the method and a plastic optical fiber, and in particular to 
a method of manufacturing a preform for producing a graded-index 
plastic optical fiber having a small transmission loss. 

Background Art 

15 Plastic optical components possess the advantages of 

easiness in manufacture and processing and inexpensiveness over 
quartz-base optical components having the same configuration, 
and are applied to various fields such as optical fiber, optical 
lens and so forth more frequently in recent years. Among them, 

20 plastic optical fiber has an excellent flexibility, lightness 
in weight, workability, easiness in manufacturing 
large-diameter fiber as compared with quartz-base optical fiber, 
and inexpensiveness in the manufacture, although it is 
disadvantageous in having a slightly larger transmission loss 

25 as compared with quartz-base optical fiber. These 

characteristics come from the fact that the entire portion of 
the element fiber constituting the plastic fiber is made solely 
of plastic. The plastic optical fiber is therefore investigated 
for use in short-distance use in which the transmission loss of 
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the fiber is negligible. 

The plastic optical fiber comprises at least a core 
composed of an organic compound using a polymer as a matrix, and 
a shell composed of an organic compound having a refractive index 
5 different from that of the core portion (generally having a 
smaller refractive index) . The core is referred to as "core 
portion" and the shell is referred to as "cladding portion" 
hereinafter in this specification. In particular, recent 
attention is attracted by a graded-index plastic optical fiber 

10 having a gradation of the refractive index along the direction 
from the center towards the peripheral portion because of its 
large transmission capacity. In one known method of 
manufacturing the graded-index plastic optical fiber, a base 
material for the optical fiber (referred to as "preform" 

15 hereinafter in this specification) is produced by the 

interf acial gel polymerization process , and the obtained preform 
is then stretched. In this manufacturing process, a 
polymerizable monomer such as methyl methacrylate (MMA) is first 
placed in a sufficiently-rigid polymerization reactor, and the 

20 monomer is allowed to polymerize while rotating the reactor, to 
thereby manufacture a hollow tube composed of a polymer of 
polymethacrylate (PMMA) or the like. The hollow tube is to 
constitute the cladding portion. Next, the monomer such as MMA 
as a source material for the core portion, a polymerization 

25 initiator, a chain transfer agent, a refractive index adjusting 
agent and so forth are supplied into the hollow portion of the 
hollow tube, and the mixture is subjected to the interf acial gel 
polymerization to thereby form the core portion. The core 
portion formed by the interfacial gel polymerization have a 
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concentration gradation of the refractive index adjusting agent 
or the like contained therein , and this is causative of the 
gradation of the refractive index of the core portion. 
Thus-obtained preform is stretched under heating in an 
5 atmosphere at 180 °C to 250 °C or around, to thereby obtain a 
graded-index plastic optical fiber (see Japanese Patent No. 
3332922, for example). 

It is, however, known that bending of the plastic optical 
fiber results in leakage of light from the bent portion and 

10 thereby causes undesirable increase of the transmission loss 
since it is difficult to manufacture a graded-index plastic 
optical fiber having a sufficiently large difference in the 
refractive indices between the core portion and the cladding 
portion. As one solution for this problem, there is proposed a 

15 method of disposing a reflective layer composed of a transparent 
resin having a small refractive index (see Japanese Lain-Open 
Patent Publication No. 8-54521, for example). The reflective 
layer could certainly improve the bending loss of the plastic 
optical fiber, but further worsened the transmission loss. 

20 For the purpose of improving the transmission loss of the 

plastic optical fiber, there are known methods of manufacturing 
a plastic optical fiber in which the cladding hollow tube thereof 
has an inner wall having a surface roughness adjusted within a 
specific range (Japanese Lain-Open Patent Publication No. 

25 2000-352627, No. 8-338914 and No. 62-231904, for example). 
These inventions, however, relate to optical fiber of SI 
(step-index) type having no gradation in the refractive index, 
while placing a focus on the fact that average roughness of the 
inner wall of the cladding hollow tube could directly affect 
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degradation in the performance due to light scattering at the 
core/cladding interface. 

In contrast to this, graded- index optical fiber, so-called 
of GI type, improves its performance based on gradation in the 
5 refractive index, and is necessarily configured so as to have 
a stable distribution profile of the refractive index. Because 
the optical fiber is manufactured by once producing the preform 
and by stretching the preform, it has also been found that average 
roughness of the inner wall of the cladding portion of the preform 
10 could largely affect the core diameter after the stretching. In 
other words, in the Gl-type plastic optical fiber, the average 
roughness of the inner wall of the cladding tube in the stage 
of the preform has largely affected the transmission 
performance, and has been causative of various problems. 

15 

Disclosure of Invention 

The present invention is conceived after considering the 
aforementioned problems, and an object thereof resides in 
providing a method of stably manufacturing a preform for 

'20 producing a plastic optical component, having a uniform index 
gradation profile in the longitudinal direction, and having only 
a less variation in the diameter of the core portion. It is also 
an object of the present invention to provide a method of stably 
manufacturing a plastic optical fiber having a small 

25 transmission loss and a wide transmission band. 

In one aspect, the present invention is to provide a method 
of manufacturing a preform for producing a plastic optical 
component comprising a graded-index core portion and a cladding 
portion in which the refractive index of the core portion 
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continuously decreases from its center to the outer radius , and 
the refractive index of the cladding portion is smaller than that 
of the center of the core portion by 0.03 or more, comprising; 
a first step of fabricating a polymer hollow tube for the cladding 
5 portion in which the inner wall of the polymer hollow tube has 
an arithmetic mean roughness of less than 0.4 pm; and a second 
step of polymerizing a polymerizable composition in the hollow 
portion of the hollow tube to thereby form the core portion. 

In another aspect, the present invention is to provide a 
10 method of manufacturing a plastic optical fiber by stretching 
the preform obtained by the above-described method of 
manufacturing a preform for producing a plastic optical fiber. 

In still another aspect, the present invention is to 
provide a plastic optical fiber obtained by the above-described 
15 method of manufacturing a plastic optical fiber. 

In still another aspect, the present invention is to 
provide a polymer hollow tube for an optical component having 
an inner wall with an arithmetic mean roughness of less than 0.4 
mm . 

2 0 In still another aspect, the present invention is to 

provide an apparatus for fabricating a polymer hollow tube for 
an optical component, comprising a manufacturing line for melt 
extrusion molding. 

It is to be understood that an expression of "having the 

25 refractive index continuously graded from the center towards the 
outer periphery'' in this specification allows any gradation of 
the refractive index in a specific direction from the center 
towards the outer periphery. In an exemplary case where the 
region composing the core portion has a cylindrical form, only 
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the refractive index graded from the center of the cylinder 
towards the outer periphery in the radial direction will suffice, 
and is not necessarily graded also in the longitudinal direction 
of the cylinder, 

5 

Brief Description of Drawings 

FIG. 1 is a schematic sectional view showing an exemplary 
configuration of a melt extrusion molding machine based on the 
inner sizing system available for the fabrication of the optical 

10 member in the present invention; 

FIG. 2 is a schematic drawing of an exemplary configuration 
of a manufacturing line of the melt extrusion molding machine 
based on the outer die vacuum suction system available for the 
fabrication of the optical member in the present invention; and 

15 FIG. 3 is a perspective view of a molding die available 

for the fabrication of the optical member in the present 
invention. 

Modes for Carrying Out the Invention 

20 The present invention relates to a method of manufacturing 

a so-called, Gl-type plastic optical component and a preform used 
therefor, and more specifically relates to a plastic optical 
component which comprises a graded-index core in which the 
refractive index continuously decreases from the center of the 

25 core to the outer radius, and a cladding portion having a 

refractive index smaller than that of center portion of the core 
by 0 . 03 or more . 

The method of manufacturing a preform of this invention 
comprises a first step of fabricating a polymer hollow tube which 
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is to be the cladding portion; and a second step of polymerizing 
a polymerizable composition in the hollow portion of the hollow 
tube to thereby form the core portion, where the hollow tube has 
an inner wall with an arithmetic mean roughness of less than 0.4 
5 pm. The surface roughness of the inner wall of the hollow tube 
adjusted within the above-described range is successful in 
reducing light scattering at the core/cladding interface, and 
also in suppressing variation in the diameter of the core portion 
after being processed into the optical fiber by stretching or 

10 the like. This makes it possible to stably manufacture a 
high-performance plastic optical fiber having only a small 
transmission loss due to scattering, and less causative of 
degradation of the band characteristics due to degraded 
uniformity in the index gradation profile. The method of the 

15 present invention also contributes to improvement in the 

productivity, because the method can stably yield a preform 
having only a small variation in the diameter of the core portion, 
and having a uniform index gradation profile. 

The next paragraphs will describe the first step for 

20 fabricating the polymer hollow tube which is to be the cladding 
portion. 

The hollow tube fabricated in the first step has an inner 
wall with an arithmetic mean roughness of less than 0.4 pm, 
preferably 0.3 jjm or less, and more preferably 0.25 pm or less. 
25 The lower limit thereof may ideally be Ojjm, which means 

completely roughness-free, but a substantial limit falls on 0 .05 
|am or around taking all available procedures into consideration. 
The arithmetic mean roughness mentioned in this specification 
is obtained by arithmetic-mean calculation of roughness based 



7 



WO 2004/050335 



PCT/JP2003/015219 



on observation of the inner wall with Color Laser 3D Profile 
Microscope VK-8500 manufactured by Keyence Corp. The geometry 
of the inner circumference of the resultant hollow tube is 
ideally a true circle, or is preferably as close as possible to 
true circle , having a roundness of 98% or above. The thickness 
of the hollow tube is preferably uniform in view of facilitating 
control of stretching conditions by measuring the outer diameter 
of the fiber obtained after stretching. 

The arithmetic mean roughness of the inner wall of the 
hollow tube is adjustable within the above-described range by 
properly selecting the method of manufacturing the hollow tube, 
and for the case where the hollow tube is manufactured by molding, 
by properly selecting the molding conditions and the like. In 
an exemplary case where the hollow tube is manufactured by melt 
extrusion molding, it is necessary to keep the amount of 
extrusion of the molten resin or the drawing speed of the 
fabricated hollow tube constant, and to set the conditions so 
as to ensure a sufficiently uniform flow of the molten resin 
without causing residence or drifting over the range from a die 
to a lip. For the case where the fabrication is accomplished 
by rotary polymerization process as described later, it is 
essential to avoid decentering of the axis of rotation during 
the rotary polymerization. The hollow tube may impair the 
smoothness of the inner wall surface thereof due to dust 
accidentally entrained into the atmosphere or system, where any 
entrained dust in the air may undesirably produce projections 
on the surface, and any dust or debris of the resin adhered on 
the die may cause scratch during the extrusion. It is therefore 
preferable to expel any dust or other foreign matters from the 
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atmosphere or system during the manufacturing process . There 
is also a risk of accidentally hurting the inner wall surface 
of the hollow tube during formation of the core portion due to 
some failure in the handling, and also this must be avoided. 
5 The cladding portion, which is required for exhibiting 

total reflection of light is preferably formed using materials 
having a refractive index smaller than that of the core portion, 
being an amorphous material, desirable in the adhesiveness with 
the core portion, excellent in the toughness, and excellent in 
10 the moisture resistance and heat resistance. From this point 
of view, the cladding portion is preferably composed of a 
homopolymer or copolymer of a fluorine-containing monomer . The 
fluorine-containing monomer is preferably vinylidene fluoride, 
and the homopolymer or copolymer is preferably a 
15 fluorine-containing resin obtained by polymerizing one or more 
species of polymerizable monomers including 10% by mass or more 
of vinylidene fluoride. 

The interface of the cladding portion with the core portion 
is preferably composed of a polymer having the same composition 
20 as the matrix of the core portion, in view of optical 

characteristics, mechanical characteristics and manufacturing 
stability. For example, interfacial state between the core 
portion and the cladding portion can be corrected by forming the 
outer core layer composed of a polymer having the same 
25 composition as the matrix of the core portion at the interface 
with the core portion (i.e. , on the inner wall of the hollow tube) . 
The outer core layer will be detailed later. It is of course 
possible to form the cladding layer per se using a polymer having 
the same composition as the matrix of the core portion, without 
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forming the outer core layer. 

For the case where the cladding portion is fabricated by 
molding a polymer by the melt extrusion molding process as 
described later, it is necessary to appropriately adjust the 
5 viscosity under melting of the polymer. The viscosity under 
melting can be discussed in correlation with molecular weight, 
where the weight-average molecular weight preferably falls 
within a range from 10 , 000 to 1,000,000, and more preferably 
50,000 to 500,000. 

10 It is also preferable to prevent as possible moisture from 

entering into the core portion, and it is therefore preferable 
to use a polymer having a small coefficient of water absorption 
as a source material for composing the cladding layer. More 
specifically, it is preferable to use a polymer having a 

15 coefficient of saturated water absorption (referred to as 

coefficient of water absorption, hereinafter) of less than 1.8% 
to fabricate the cladding portion. It is more preferable to 
fabricate the outer core layer using a polymer having a 
coefficient of water absorption of less than 1.5%, and more 

20 preferably less than 1.0%. The coefficient of water absorption 
(%) in the context of the present invention can be calculated 
after dipping a test piece into water at 23 °C for a week, according 
to ASTM D570 test procedures. 

The hollow tube may be fabricated while allowing the 

25 polymerization of the monomer to proceed at the same time, or 
may be fabricated after the polymer is once produced, and the 
obtained polymer is then molded based on melt extrusion molding 
or injection molding. 

For the case where the cladding portion is fabricated in 
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a form of the hollow tube while allowing the polymerization of 
the monomer to proceed, it is preferable to adopt a method 
typically disclosed in Japanese Patent No. 3332922, in which a 
source monomer for forming the cladding portion is charged into 
5 a cylindrical polymerization reactor, the reactor is closed at 
both ends, and the source monomer is allowed to polymerize while 
rotating the reactor (preferably so as to keep the axis of the 
cylinder horizontally) . It is also allowable in this process 
to preliminarily raise the viscosity of the source monomer by 
10 pre-polymerization, and to carry out the normal polymerization, 
as described in Japanese Laid-Open Patent Publication No. 
8-110419. 

In the polymerization reactor, a polymerization 
initiator, a chain transfer agent and a stabilizer or the like 

15 may be placed thrown together with the monomer. Specific 

examples of the available monomers may be same as those described 
later in relation to the source materials for the core portion. 
The amount of addition thereof can appropriately be determined 
typically depending on the species of the monomer to be adopted. 

20 In general, the polymerization initiator is preferably added in 
an amount of 0.10 to 1.00% by mass of the polymerizable monomer, 
and more preferably 0.40 to 0.60% by mass of the polymerizable 
monomer. The chain transfer agent is preferably added in an 
amount of 0.10 to 0.40% by mass of the polymerizable monomer, 

25 and more preferably 0.15 to 0.30% by mass of the polymerizable 
monomer. Although the polymerization temperature and 
polymerization time may vary depending on the monomer to be 
adopted, the polymerization temperature is preferably adjusted 
to 60 to 90 °C, and the polymerization time is preferably adjusted 
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to 5 to 24 hours. 

Upon completion of the rotary polymerization, it is also 
allowable to carry out annealing at a temperature higher than 
the polymerization temperature during the rotary polymerization 
5 for the purpose of completely reacting any residual monomers and 
polymerization initiator so as to avoid residues thereof. The 
clad hollow tube may indirectly be rotated as being inserted in 
a metal tube, or may directly be rotated. 

The hollow tube composed of a polymer can be fabricated 

10 also by placing a pellet-formed or powdery resin (preferably 
fluorine-containing resin) into a cylindrical reactor, closing 
the reactor at both ends, heating the reactor up to a temperature 
higher than the melting point of the resin while keeping on 
rotating the reactor (preferably so as to keep the axis of the 

15 cylinder horizontally) , to thereby allow the resin to melt. 
During this process, it is preferable to proceed the 
polymerization under an inert gas atmosphere by filling the 
polymerization reactor with nitrogen, argon or the like, or to 
preliminarily allow the resin to thoroughly dry, in order to 

20 avoid thermal oxidation and/or thermal decomposition of the 
molten resin . 

For the case where the cladding portion is formed by melt 
extrusion of the polymer, it is also allowable to produce the 
polymer (preferably the aforementioned fluorine-containing 
25 resin) , and then to obtain a structured component of a desired 
geometry (cylindrical form in this embodiment) by molding 
technique such as extrusion molding. The melt extrusion 
machines available herein are classified into two types, inner 
sizing die system and outer die vacuum suction system. 
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Outline of the inner sizing die system will be explained 
referring to FIG. 1 which is a schematic sectional view of an 
exemplary configuration of a melt extrusion molding machine 
based on the inner sizing die system. 
5 A source polymer 40 for forming the cladding portion is 

extruded by a single screw extruder having a bent (not shown) 
out through a main unit 11 towards a die block 14. The die block 
14 has a guide 30, inserted therein, for introducing the source 
polymer 40 into flow paths 40a, 40b. The source polymer 40 passes 
10 by the guide 30, flows through the flow paths 40a, 40b formed 
between the die block 14 and an inner rod 31, extruded out from 
the exit 14a of the die, to thereby forms a cylindrical hollow 
clad 19. The extrusion speed of the clad 19 is not specifically 
limited, where it is preferably set within a range from 1 cm/min 
15 to 100 cm/min in view of shape stability and productivity. 

The die block 14 is preferably equipped with a heating 
device for heating the source polymer 40. In one possible 
configuration, one or two heating devices (device using steam, 
heat medium oil, electric heater, etc.) are disposed so as to 
20 surround the die block 14 along the direction of advancement of 
the source polymer 40. On the other hand, it is preferable to 
attach a temperature sensor 41 at the exit 14a of the die, and 
to use the temperature sensor 41 to control the temperature of 
the clad 19 at the exit 14a of the die. The temperature is 
25 preferably adjusted not higher than the glass transition point 
of the source polymer 40 in view of keeping a uniform geometry 
of the clad 19 . The temperature of the clad 19 is also preferably 
adjusted not lower than 40 °C in view of suppressing variation 
in the geometry due to abrupt temperature change. The 
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temperature control for the clad 19 is attainable by attaching 
a cooling unit (device using liquid such as water, anti-freezing 
fluid or oil, or based on electronic cooling) to the die block 
14, or by natural air cooling of the die 14. For the case where 
5 the heating device is provided to the die block, the cooling unit 
is preferably disposed on the downstream side of the heating 
device . 

Next paragraphs will describe an outline of the forming 
process based on the outer die vacuum suction system referring 
10 to FIGs . 2 and 3, where the former shows an exemplary 

configuration of a manufacturing line of the melt extrusion 
molding machine based on the outer die vacuum suction system, 
and the latter is a perspective view of a molding die 53 available 
therefor . 

15 A manufacturing line 50 shown in FIG. 2 comprises a melt 

extrusion machine 51 , a pushing die 52 , a molding die 53 , a cooling 
unit 54 and drawing device 55. The source polymer charged 
through a pellet charge hopper (referred to as a hopper, 
hereinafter) 56 is melted inside the melt extrusion machine 51, 

20 extruded by the pushing die 52, and fed into the molding die 53. 
The extrusion speed S preferably satisfy a relation of 0.1 
(m/min)^10, more preferably 0.3^S (m/min)^5.0, and most 
preferably 0.4^S (m/min) ^1.0, while not being limited to these 
ranges . 

25 As shown in FIG. 3, the molding die 53 is equipped with 

a molding tube 70, through which the molten resin 60 is allowed 
to pass and molded to produce a cylindrical clad 61. The molding 
tube 70 has many suction holes 70a formed thereon, and allows 
the outer wall surface of the clad 61 to be pressed onto the 
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molding surface (inner wall) 70b of the molding tube 70 when the 
reduced-pressure chamber 71 provided so as to surround the 
molding tube 70 is evacuated using a vacuum pump 57 (see FIG. 
2) , to thereby produce the clad 61 having a uniform thickness. 
5 The pressure inside the reduced-pressure chamber 71 is 

preferably adjusted within a. range from 20 kPa to 50 kPa, while 
being not limiter thereto . It is preferable to attach a throat 
(outer diameter limiting member) 58 for limiting the outer 
diameter of the clad 61 at the entrance of the molding die 53. 

10 The clad 61 after being shaped by the molding die 53 is then sent 
to the cooling unit 54. The cooling unit 54 has a number of 
nozzles 80, from which cooling water 81 is ejected towards the 
clad 61 to thereby cool and solidify the clad 61. It is also 
allowable to collect the cooling water 81 on a receiving pan 82 

15 and to discharge through a discharge port 82a. The clad 61 is 
drawn by the drawing device 55 out from the cooling unit 54 . The 
drawing device 55 comprises a drive roller 85 and pressurizing 
roller 86. The drive roller 85 is connected to a motor 87 , so 
as to make it possible to control the drawing speed of the clad 

20 61. The pressurizing roller 86 disposed so as to oppose with 
the drive roller 85 while placing the clad 61 in between makes 
it possible to finely correct even a slight dislocation of the 
clad 61. By controlling the drawing speed of the drive roller 
85 and the extrusion speed of the melt extrusion molding machine 

25 51, or by finely adjusting displacement of the clad 61, the clad 
61 can be fabricated with an excellent uniformity in the geometry 
thereof, especially in the thickness. 

The cladding portion may be composed of a plurality of 
layers so as to have a variety of functions such as improved 
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mechanical strength and flame retardancy. It is also preferable 
to fabricate the hollow tube so as to have an arithmetic mean 
roughness of the inner wall thereof within a predetermined range, 
and to cover the outer surface thereof with a fluorine-containing 
5 resin or the like. 

The outer diameter of the resultant cladding portion 
preferably satisfies the relation of Di (mm) ^50 in view of 
optical characteristics and productivity , and more preferably 
satisfies the relation of lO^Di (mm) ^30. The thickness t of 

10 the cladding portion can be determined arbitrarily in 

consideration of object and core/cladding ratio of the plastic 
optical fiber and others . For example, in a preform for a plastic 
optical fiber having an outer diameter of the cladding portion 
of 20 mm, the thickness t of the cladding portion preferably 

15 satisfies the relation of 0.2^t (mm) ^5. The present invention 
is, however, by no means limited to the above-described ranges. 

The process then advances to the second step, where it is 
also allowable to form an outer core portion on the inner wall 
of the hollow tube, before the polymerizable composition for 

20 forming the core portion is charged into the hollow portion of 
the hollow tube. The outer core layer is provided on the inner 
wall of the cladding portion for the purpose of modifying 
interf acial conditions between the cladding portion and the core 
portion, or for the purpose of facilitating the polymerization 

25 when the core portion is formed by block polymerization. The 
outer core layer formed on the inner wall of the cladding portion 
necessarily has an arithmetic mean roughness of the inner surface 
thereof of less than 0.4 pm. 

It is required for the outer core layer, considering its 
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function, to have an excellent compatibility with the polymer 
composing the core portion so as not to induce interfacial 
mismatching during the block polymerization. As descried in the 
above, the outer core layer is preferably composed of a polymer 
5 having the same composition as the matrix of the core portion. 
It is also preferable to use a polymer having a small coefficient 
of water absorption in view of preventing water from coming into 
the core portion, where a preferable range for the coefficient 
of water absorption is similar to that for the cladding portion. 

10 For the case where the outer core layer is formed by the melt 
extrusion process, the molecular weight of the polymer to be 
adopted necessarily resides in a range suitable for the melt 
extrusion process, where a preferable range is similar to that 
described in the above. 

15 The outer core layer can be fabricated similarly to as 

described for the cladding portion. In one possible process, 
the cladding portion can be fabricated simultaneously with the 
hollow tube by co-extrusion in the melt extrusion molding process 
for the cladding portion. After the hollow tube, which is to 

20 be the cladding portion, is formed, the polymerizable 

composition for forming the outer core layer is charged in the 
hollow tube, allowed to polymerize while rotating the hollow 
tube, to thereby form the outer core layer on the inner wall of 
the hollow tube. It is also possible to charge a polymer for 

25 forming the outer core layer in the hollow tube, allowed to melt 
under heating while rotating the hollow tube so as to melt the 
polymer, to thereby form the outer core layer on the inner wall 
of the hollow tube. 

Specific examples of the polymerizable monomers available 
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for forming the outer core layer are similar to those described 
later in relation to the core portion. 

The outer core layer is provided mainly for producing the 
core portion, may have a least necessary thickness so as to 
5 facilitate the block polymerization of the core portion, and may 
exist simply as the core portion after being united with the inner 
core portion having a certain refractive index with progress of 
the block polymerization, rather than existing as an independent 
layer . A thickness of only as small as 1 mm or more will therefore 

10 be necessary for the outer core layer provided in advance of the 
formation of the core portion, where the upper limit thereof is 
selectable depending on the target size of the preform, because 
the thickness can be increased to a degree as far as a space 
sufficient for producing a desired index gradation can be 

15 accomplished therein is secured. 

For the case where the index gradation of the core portion 
is typically created by the interfacial gel polymerization 
process, the outer diameter D 2 of the outer core layer is 
preferably adjusted so as to satisfy the relation of D 2 (mm) 

20 ^100, and more preferably satisfy the relation of 10^D 2 (mm) 
^50 in view of precisely control the index gradation and 
polymerization speed of the matrix polymer. The thickness t 2 
of the outer core layer preferably satisfies the relation of 0.1 
^t 2 (mm) ^20. The present invention is, however, by no means 

25 limited to the above-described ranges. 

Next in the second step, the precursory region of the core 
portion is formed by polymerizing the polymerizable composition 
within the hollow portion of the hollow tube fabricated in the 
first step. 
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The core portion is fabricated by polymerizing the 
polymerizable comprising a polymerizable monomer, a 
polymerization initiator and a refractive index adjustor. 
Besides the above-described ingredients, the composition may 
5 also contain a chain transfer agent and other additives. 

Although these materials are not specifically limited so far as 
the resultant polymer is transparent to the light to be 
transmitted, it is preferable to use the materials less causative 
of transmission loss of the light signals to be transmitted. The 
10 individual materials will be described below. 

(Polymerizable Monomer) 

The polymerizable monomer used as a source material for 
the core portion is preferably selected so as to readily proceed 

15 block polymerization. Examples of the source material having 
a large transmissivity of light and being readily polymerizable 
by block polymerization include (meth) acrylic esters 
(fluorine-free (meth) acrylic esters (a) and fluorine-containing 
(meth) acrylic esters (b) ) , styrene-base compounds (c) and vinyl 

20 esters (d) , as exemplified below, and the core portion can be 
formed using a homopolymer of any of these monomers, a copolymer 
of two or more species of these monomers, or a mixture of the 
homopolymer and/or copolymer. Among others, a composition 
containing (meth) acrylic ester as the polymerizable monomer is 

25 preferably used. 

As for above-described polymerizable monomers, specific 
examples of the (a) fluorine-free methacrylic esters and 
fluorine-free acrylic esters include methyl methacrylate, ethyl 
methacrylate, isopropyl methacrylate , tert-butyl methacrylate , 
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dibenzyl methacrylate , phenyl methacrylate , cyclohexyl 
methacrylate, diphenylmethyl methacrylate, methacrylic ester 
having C7-20 alicyclic hydrocarbon group 
(tricyclo [5 .2 . 1 . 0 2,6 ] decanyl methacrylate, adamantyl 
5 methacrylate, isobornyl methacrylate, norbornyl methacrylate, 
etc. ) , methyl acrylate, ethyl acrylate, tert-butyl acrylate, and 
phenyl acrylate. Specific examples of the (b) 
fluorine-containing acrylic ester and fluorine-containing 
methacrylic ester include 2 , 2 , 2-trif luoroethyl methacrylate, 

10 2 ,2 ,3 ,3-tetraf luoropropyl methacrylate, 

2,2,3,3, 3-pentaf luoropropyl methacrylate , 
1-trif luoromethyl-2 , 2 , 2-trif luoroethyl methacrylate , 
2,2,3,3,4,4,5, 5-octaf luoropentyl methacrylate , and 
2,2,3,3,4, 4-hexaf luorobutyl methacrylate. Specific examples 

15 of the (c) styrene-base compound include styrene, 

a-methylstyrene , chlorostyrene and bromostyrene . Specific 
examples of the (d) vinyl ester include vinyl acetate, vinyl 
benzoate, vinyl phenyl acetate, vinyl chloroacetate . The 
polymerizable monomers are, of course, not limited to these 

20 examples, and species and compositional ratios thereof are 

preferably combined so that any resultant polymer composed of 
a homopolymer or copolymer thereof will have a refractive index 
equivalent to or larger than that of the cladding portion. 

For the case where the resultant optical component is 

25 intended for use in near-infrared applications where absorption 
loss ascribable to the constituent C-H bonds is anticipated, it 
is preferable to form the core portion using a polymer in which 
hydrogen atoms in the C-H bonds are substituted by deuterium atom 
or fluorine atom (deuterated polymethyl methacrylate (PMMA-d8) , 
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polytrif luoroethyl methacrylate (P3FMA) and 

polyhexaf luoroisopropyl 2-f luoroacrylate (HFIP 2-FA) , etc. as 
disclosed for example in Japanese Patent No. 3332922) in view 
of reducing the transmission loss of the signal light because 
5 the wavelength region causative of the transmission loss can be 
shifted towards the longer wavelength region. 

It is preferable to. thoroughly reduce any possible 
impurities and scattering sources from the source monomers so 
as not to ruin the transparency after the polymerization. 

10 Polymers containing, as a polymerization component, an 

acrylate which has an alicyclic hydrocarbon group or branched 
hydrocarbon group in the side chain thereof is highly brittle 
and has only a limited stretchability in general. In contrast 
to this, the present invention is successful in suppressing 

15 variation in the diameter of the core portion and is less likely 
to cause fracture or the like during the stretching , and 
therefore is especially effective even when the matrix of the 
core portion is composed of a polymer containing, as a 
polymerization component, an acrylate which has an alicyclic 

20 hydrocarbon group or branched hydrocarbon group in the side chain 
thereof. 

(Polymerization Initiator) 

The polymerization initiator can appropriately be 
25 selected depending on the monomers or method of polymerization 
to be adopted, where examples of which include peroxide compounds 
such as benzoyl peroxide (BPO) , tejrt-butylperoxy-2 -ethyl 
hexanate (PBO) , di-tex-t-butyl peroxide (PBD) , 
tert-butylperoxyisopropyl carbonate (PBI) , and 
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n-butyl-4 , 4-bis (ter t-butylperoxy ) valerate (PHV) ; and also 
include azo compounds such as 2 , 2 '-azobis (isobutyronitrile) , 
2,2' -azobis (2-methylbutyronitrile) , 
1,1' -azobis (cyclohexane-l-crabonitrile) , 
5 2 ,2 '-azobis (2-methylpropane) , 2 , 2 '-azobis (2-methylbutane) , 
2 , 2 '-azobis (2-methylpentane) , 
2 ,2 '-azobis (2 ,3-dimethylbutane) , 
2 ,2 '-azobis (2-methylhexane) , 
2 # 2 '-azobis (2 , 4-dimet:hylpentane) , 
10 2 , 2 '-azobis (2 , 3 , 3-trimethylbutane) , 
2 ,2 '-azobis (2 , 4 , 4-trimethylpentane) , 

3,3 '-azobis (3-methylpentane) , 3 , 3 '-azobis (3-methylhexane) , 
3,3 '-azobis (3 , 4-dimethylpentane) f 

3,3 '-azobis (3-ethylpent:ane) , dimethyl-2 , 2 ' -azobis (2-methyl 
15 propionate), diethyl-2 , 2 ' -azobis (2-methyl propionate), and 
di-tert-buty 1-2 ,2 '-azobis (2-methyl propionate) • The 
polymerization initiators are, of course, not limited to the 
above-described examples, and two or more species of them may 
be used in combination. 

'20 

(Chain Transfer Agent) 

The polymerizable composition for forming the core portion 
preferably contains a chain transfer agent. The chain transfer 
agent is used mainly in order to adjust the molecular weight of 
25 the polymer. For the case where both of the polymerizable 
compositions for forming the core portion and the cladding 
portion respectively contain a chain transfer agent, 
polymerization speed and degree of polymerization during the 
polymerization of the polymerizable monomer can be controlled 
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by the chain transfer agents, and thereby the molecular weight 
of the resultant polymer can be adjusted to a desired value. For 
an exemplary case where the obtained preform is stretched to 
fabricate an optical fiber , adjustment of the molecular weight 
5 is successful in adjusting mechanical characteristics of the 
optical fiber during the stretching within a desired range, and 
this contributes to enhancement of the productivity. 

Species and amount of addition of the chain transfer agent 
can appropriately be selected depending on the polymerizable 

10 monomer used in combination therewith. Chain transfer 

constants of the chain transfer agent with respect to the 
individual monomers can be found in Polymer Handbook 3rd Edition, 
(coedited by J.Brandrup and E.H. Immergut , published by John 
Wiley & Son) . It is also possible to experimentally determine 

15 the chain transfer constant referring to "Kobunshi Gosei no 
Jikken-Ho (Experimental Methods in Polymer Syntheses) " , written 
by Takayuki Otsu and Masaetsu Kinoshita, published by 
Kagakudojin Publishing Company Inc., 1972). 

Preferable examples of the chain transfer agent include 

20 alkyl mercaptans (n-butyl mercaptan, n-pentyl mercaptan, 

n-octyl mercaptan, n-lauryl mercaptan, tert-dodecyl mercaptan, 
etc.) and thiophenols (thiophenol, /n-bromothiophenol , 
p-bromothiophenol , jn-toluenethiol , p-toluenethiol , etc.). In 
particular, use of alkyl mercaptans such as n-octyl mercaptan, 

25 n-lauryl mercaptan or tert-dodecyl mercaptan is preferable. It 
is also allowable to use a chain transfer agent in which a hydrogen 
atom in the C-H bond is substituted by a deuterium atom or a 
fluorine atom. It is also allowable to use two or more chain 
transfer agent in combination. 
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(Refractive Index Adjusting Agent) 

In the present invention, the polymerizable composition 
for forming the core portion preferably contains a refractive 
index adjusting agent. By creating a concentration profile of 
5 the refractive index adjusting agent, a graded- index core 

portion can readily be fabricated based on the concentration 
profile. It is also possible, even without using the refractive 
index adjusting agent, to introduce a graded-index structure by 
using two or more species of the polymerizable monomers, and 

10 thereby creating a ratio of copolymerization within the core 
portion. It is, however, preferable to use the refractive index 
adjusting agent for its simplicity in the manufacture, as 
compared with the control of the compositional ratio of 
copolymerization . 

15 The refractive index adjusting agent is also referred to 

as a dopant, and is a compound having a refractive index different 
from that of the polymerizable monomer used in combination 
therewith. Difference in the refractive indices is preferably 
0.005 or more. The dopant has a function of increasing the 

20 refractive index of the polymer. Dopants available herein can 
arbitrarily be selected from those capable of yielding, in 
comparison with the resultant polymer obtained by synthesizing 
the monomer, a difference in the solubility parameter of within 
7 (cal/cm 3 ) 1/2 as disclosed in Japanese Patent 3332922 and in 

25 Japanese Laid-Open Patent Publication No. 5-173026, capable of 
yielding a difference in the refractive index of 0 . 001 or larger, 
capable of varying the refractive index of the resultant polymer 
as compared with the non-doped polymer, capable of coexisting 
with the polymer in a stable manner, and capable of existing under 
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polymerization conditions (conditions related to heating, 
pressurizing and so forth) of the polymerizable monomers 
described in the above as the source materials. 

The dopant may be a polymerizable compound, where such 
5 dopant is preferably selected from those capable of increasing 
the refractive index of the resultant copolymer containing the 
dopant as a copolymerized component, as compared with the 
refractive index of the polymer not containing the dopant. 
Available dopant is therefore such as having the above-described 

10 properties, capable of coexisting with the with the polymer in 
a stable manner, and capable of existing under polymerization 
conditions (conditions related to heating, pressurizing and so 
forth) of the polymerizable monomers described in the above as 
the source materials . In the present invention, it is preferable 

15 to add the dopant to the polymerizable composition for forming 
the core portion, and to control direction of the polymerization 
based on the interfacial gel polymerization process in the 
process of forming the core portion, so as to create the gradient 
in the concentration of the refractive index adjusting agent, 

20 to thereby attain the refractive index gradation profile of the 
core portion based on the concentration distribution of the 
refractive index adjusting agent (the core portion having the 
index gradation is referred to as "graded-index core portion", 
hereinafter) . By forming the graded-index core portion, the 

25 optical component can be completed as a graded-index plastic 
optical component having a wide transmission range. 

Examples of the dopant include benzyl benzoate (BEN) , 
diphenyl sulfide (DPS) , triphenyl phosphate (TPP) , 12-butyl 
benzyl phthalate (BBP) , diphenyl phthalate (DPP) , biphenyl (DP) , 
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diphenyl methane (DPM) , tricresyl phophate and 
diphenylsulf oxide (DPSO) , and among others, BEN, DPS, TPP and 
DPSO are particularly preferable. The dopant may also be a 
polymerizable compound such as tribromophenyl methacrylate, and 
5 this may be advantageous in raising the heat resistance, although 
this makes it more difficult to control various characteristics 
(especially optical characteristics) because the polymerizable 
dopant is copolymerized with other polymerizable monomer in the 
formation of the matrix. The refractive index of the plastic 

10 optical fiber can be varied to obtain any desired values by 
adjusting the concentration and distribution of the refractive 
index adjusting agent in the core portion. The amount of 
addition herein can appropriately be selected considering the 
applications and the source materials of the core portion to be 

15 combined therewith. 

The refractive index adjusting agent is not limited to 
those listed in the above , and is not precluded from using a plural 
species thereof in combination in order to attain a desired 
refractive index. 

20 The amount of addition of the refractive index adjusting 

agent may vary depending on a desired degree of increase in the 
refractive index or in relation with the polymer matrix, and a 
preferable range generally resides in a range from 1 to 30% by 
mass of the polymerizable composition, more preferably from 3 

25 to 25% by mass, and still more preferably from 5 to 20% by mass. 

(Other Additives) 

The core portion, outer core portion and cladding portion 
can be added with other additives so far as they do not degrade 
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the light transmission performance. For example, it is 
allowable to add a stabilizer in order to improve the 
weatherability and durability of the outer core portion and the 
core portion. It is also allowable to add a compound having an 
5 induced-emission function for amplifying light signals, for the 
purpose of enhancing the light transmission performance. 
Addition of this sort of compound is successful in amplifying 
attenuated signal light with the aid of excitation light and in 
elongating the transmission distance, so that this is typically 

10 applicable to a fiber amplifier as one component of a light 
transmission link. Also these additives can be added in the 
source monomers, so as to be contained in the core portion, outer 
core portion or cladding portion after the polymerization. 

In the second step, it is preferable to form the core 

15 portion by polymerizing the polymerizable monomer in the 

polymerizable composition filled in the hollow tube by the 
so-called interfacial gel polymerization process. In the 
interfacial gel polymerization process, the polymerization of 
the polymerizable monomers proceed from the inner wall of the 

20 hollow tube towards the center thereof in the radial direction 
on the transverse sectional plane. For the case where two or 
more species of polymerizable monomers are used, a monomer having 
a larger affinity to the polymer composing the hollow tube has 
a larger tendency of being concentrated and polymerized on the 

25 surface of the inner wall of the hollow tube , and thereby a polymer 
having a larger content of such monomer is formed. Ratio of 
content of the high-affinity monomer decreases towards the 
center of the resultant polymer, and ratio of contents of other 
monomers increase instead. In this way, a gradation in the 
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monomer composition is created within a region composing the core 
portion , and this successfully introduces a gradation in the 
refractive index. When the polymerizable monomer is 
polymerized after being added with the refractive index 
5 adjusting agent, the core-forming liquid dissolves the inner 
wall of the hollow tube so as to allow the polymer composing the 
inner wall to swell and to form a gel, within which the 
polymerization proceeds, as described in Japanese Patent No. 
3332922. In this process, a monomer having a larger affinity 

10 to the polymer composing the hollow tube has a larger tendency 
of being concentrated and polymerized on the surface of the inner 
wall of the hollow tube, and thereby a polymer having a lower 
concentration of the refractive index adjusting agent is formed 
on the outer circumferential portions. The obtained polymer 

15 will therefore have a larger ratio of content of the refractive 
index adjusting agent at the position more closer to the center. 
In this way, the region as a precursor of the core portion will 
have a concentration gradation of the refractive index adjusting 
agent, and will consequently have a refractive index profile. 

'20 In the present invention, the interfacial gel 

polymerization proceeds on the smooth surface of the inner wall 
of the hollow tube, having an arithmetic mean roughness of only 
as small as 0.4 pm, and this successfully reduces variation in 
the diameter of the core portion. This consequently makes it 

25 possible to produce the index gradation in a constant and stable 
manner, and contributes to improvement in the productivity and 
performance of the plastic optical components . 

As described in the above, the region as a precursor of 
the core portion is given with an index gradation in the second 
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step, where the portions differ in the refractive index also 
differ in the thermal behavior. Any polymerization proceeded 
at a constant temperature will therefore vary response property 
of the volume shrinkage which generates with progress of the 
5 polymerization reaction in the portion as a precursor of the core 
portion, to thereby yield the preform having bubbles or 
micro-voids formed therein, and therefore stretching under 
heating of such preform may result in generation of a large number 
of bubbles. Too low polymerization temperature will result in 

10 a lowered polymerization efficiency, a seriously-ruined 
productivity, a lowered transmissivity due to incomplete 
polymerization, and a ruined light transmission performance of 
the resultant optical components. On the contrary, too high 
initial polymerization temperature will considerably raise the 

15 polymerization speed, will therefore be unsuccessful in ensuring 
responsive relaxation of the shrinkage of the region as a 
precursor of the core portion, and will result in a large tendency 
of the bubble generation. 

In the second step, relaxation response to the volume 

20 shrinkage in the initial polymerization is improved by keeping 
the initial polymerization temperature at Ti°C which satisfies 
the relation below, so as to reduce the polymerization speed. 

In the relation below, T b represents the boiling point (°C) 
of the polymerizable monomer, and T g represents the glass 

25 transition point (°C) of the polymerizable monomer , allowing the 
same to be applied hereinafter: 
T b -10 ^ Ti ^ T g . 
In the second step, the polymerization is proceeded while 
keeping the temperature at Ti°C for a predetermined duration of 
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time, and is further continued thereafter while raising the 
temperature to T 2 °C which satisfies the relation below: 

T g ^ T 2 ^ (T g +40) 

T X <T 2 

5 The polymerization completed after raising the 

temperature to as high as T 2 °C is successful in preventing the 
light transmissivity from lowering, and in obtaining an optical 
component having a desirable light transmission property. This 
is also advantageous in raising the transparency of the preform 

10 while suppressing adverse influence of thermal degradation or 
depolymerization of the preform, and by eliminating variation 
in the inherent polymer density. T 2 is preferably adjusted 
within a range from T g °C to (T g +30) °C, and more preferably to 
(Tg+10) °C or around. T 2 lower than T g will be unsuccessful in 

15 obtaining the effect, and exceeding (T g +40) will tend to result 
in lowering in the transparency of the preform due to thermal 
degradation or depolymerization. This is also disadvantageous 
especially for the case where the graded-index core portion is 
desired, because this is causative of destruction of the 

20 gradation in the refractive index, and of serious damage on the 
performance of the optical component. 

The polymerization at temperature T 2 °C is preferably 
proceeded completely to the end so as not to leave an unreacted 
portion of the polymerization initiator. Complete reaction of 

25 the polymerization initiator is desired because any residue of 
the polymerization initiator which remains unreacted within the 
preform may decompose and generate bubbles under heating during 
processing of the preform, especially in the melting/stretching 
process. A desirable range of the duration of time over which 
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the temperature is kept at T 2 °C may vary depending on species 
of the polymerization initiator to be adopted, and preferably 
selected as being not shorter than the half-life of the 
polymerization initiator at temperature T 2 °C. 
5 In the present embodiment, it is also preferable, from 

similar point of view, to use a compound having a 10 hour half-life 
temperature of not lower than (T b -20) °C as the polymerization 
initiator, where T b expresses the boiling point of the 
polymerizable monomer, and to proceed the polymerization in the 

10 duration of time as long as 10% or more (preferably 25% or more) 
of the half-life of the polymerization initiator at Ti°C which 
satisfies the above-described relation. Use of a compound 
having a 10 hour half-life temperature of not lower than (T b -20) °C 
as the polymerization initiator, and polymerization proceeded 

15 at the initial polymerization temperature Ti°C are successful 
in reducing the initial polymerization speed. The 
polymerization proceeded at the above-described temperature for 
a duration of time as long as 10% or more of the half-life of 
the polymerization initiator is successful in achieving a more 

20 quick response of the volume shrinkage to the pressure in the 
initial polymerization. In other words, adoption of the 
above-described conditions makes it possible to suppress the 
initial polymerization speed, and to thereby improve the volume 
shrinkage response in the initial polymerization. This 

25 successfully reduces inclusion of the bubbles in the preform due 
to the volume shrinkage, and raises the productivity. It is 
to be noted now that the 10 hour half-life temperature of the 
polymerization initiator means a temperature causative of 
decomposition of the polymerization initiator so as to halve the 
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quantity thereof within 10 hours. 

When the polymerization is proceeded using the 
polymerization initiator which satisfies the above-described 
conditions at the initial polymerization temperature Ti°C for 
5 the duration of time as long as 10% or more of the 10 hour half-life 
of the polymerization initiator, it is not so undesirable to keep 
the temperature at Ti°C until the polymerization is completed, 
but it is more preferable to finish the polymerization while 
raising the temperature higher than Ti°C in view of obtaining 

10 the optical component having a larger transparency. The raised 
temperature is preferably T 2 °C which satisfies the 
above-described relation, more preferable temperature range is 
also as described in the above, and a preferable range for the 
duration of time over which temperature T 2 °C should be kept is 

15 again also as described in the above. 

For the case where methyl methacrylate (MMA) having a 
boiling point of T b °C is used as the polymerizable monomer in 
the second step, PBD and PHV conform to the polymerization 
initiator having a 10 hour half-life of (T b -20) °C or higher out 

20 of those listed in the above. In an exemplary case where MMA 
and PBD are used as the polymerizable monomer and as the 
polymerization initiator, respectively, the initial 
polymerization temperature is preferably kept within a range 
from 100 to 110 °C for 48 to 72 hours, and thereafter the 

25 temperature is elevated to 120 to 140 °C so as to allow the 

polymerization to proceed for 24 to 48 hours, and in another 
exemplary case where PHV is used as the polymerization initiator, 
the initial polymerization temperature is preferably kept within 
a range from 100 to 110°C for 4 to 24 hours, and thereafter the 
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temperature is elevated to 120 to 140 °C so as to allow the 
polymerization to proceed for 24 to 48 hours. The temperature 
elevation can be effected either in a step-wise manner or in a 
continuous manner, provided that it is completed within a short 
5 period of time. 

In the second step, the polymerization may be proceeded 
under increased pressure as disclosed in the Japanese Laid-Open 
Patent Publication No. 9-269424, or under reduced pressure as 
disclosed in the Japanese Patent No. 3332922, and it is further 

10 allowable to vary the pressure depending on situations in the 
polymerization process. These operations are successful in 
raising the polymerization efficiency at Ti°C and T 2 °C, which 
satisfy the above-described relations and are close to the 
boiling point of the polymerizable monomer. The polymerization 

15 under a pressurized status (polymerization proceeded under 
pressurized conditions is referred to as "pressurized 
polymerization", hereinafter) is preferably proceeded while 
inserting and keeping the hollow tube, having the monomer 
injected therein, in the hollow portion of the jig. The jig is 

20 shaped so as to have the hollow portion in which the hollow tube 
can be inserted, and the hollow portion preferably has a geometry 
similar to that of the hollow tube. In other words, also the 
hollow portion preferably has a cylindrical form. The jig is 
responsible for suppressing deformation of the hollow tube 

25 during the pressurized polymerization, and for supporting the 
precursory region of the core portion so as to relax the shrinkage 
thereof. It is therefore preferable that the hollow portion of 
the j ig has a diameter larger than the outer diameter of the hollow 
tube, and supports the hollow tube in a non-adhered form. The 
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hollow portion of the jig preferably has a diameter larger only 
by 0,1% to 40% than the outer diameter of the hollow tube, and 
more preferably by 10% to 20%. 

The hollow tube can be disposed in a polymerization reactor 
5 while being inserted in the hollow portion of the jig. In the 
polymerization reactor, the hollow tube is preferably disposed 
so as to align the height-wise direction of the cylindrical body 
thereof vertically. The polymerization reactor, having the 
hollow tube disposed therein so as to be supported by the jig, 

10 can be pressurized. The pressurization of the polymerization 
reactor is preferably effected using an inert gas such as 
nitrogen, to thereby allow pressurized polymerization to proceed 
under an inert gas atmosphere. Preferable range of the pressure 
during the polymerization is generally from 0.05 to 1.0 MPa or 

15 around, which may differ depending on the monomer to be adopted. 

Upon completion of the second step, cooling operation of 
the preform at a constant cooling speed under controlled pressure 
is successful in suppressing the bubbles which possibly generate 
after the polymerization. 

"20 It is preferable, in view of pressure response of the core 

portion, to pressurize the polymerization reactor using an inert 
gas such as nitrogen , and to allow the pressurized polymerization 
to proceed under the inert gas atmosphere. It is however 
essentially impossible to completely degas the preform, and an 

25 abrupt shrinkage of the polymer typically in the cooling process 
is inevitably causative of condensation of the gas into the voids 
to thereby form nuclei of the bubbles, which may result in the 
bubbles . 

In order to avoid this problem, it is preferable to adjust 
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the cooling speed in the cooling process to 0.001 to 3°C/min or 
around, and more preferably 0.01 to l°C/min or around. The 
cooling process may be divided into two or more steps in 
consideration of volume shrinkage of the polymer in the process 
5 of approaching T g of the polymer , especially in the process of 
approaching T g of the core portion. In this case, it is 
preferable to increase the cooling speed immediately after the 
start of the polymerization, and then to gradually moderate the 
speed. 

10 The preform obtained by the above-descried operations has 

a uniform gradation profile of the refractive index and a 
sufficient light transmissivity , where the bubbles or 
micro-voids are desirably suppressed. A desirable level of 
smoothness is attained on the interface between the outer core 

15 portion and the core portion, on which light is reflected so as 
to be confined within the fiber. 

The obtained preform can be processed into various geometry 
so as to fabricate various plastic optical components. For 
example, the preform is stretched under fusion so as to yield 

20 the plastic optical fiber. 

In the present invention , the preform per se has a desirable 
smoothness on the interface between the outer core portion and 
the core portion in which light is confined based on reflection, 
so that stretching of such preform can further reduce the 

25 roughness of the interface between the core and clad, and thereby 
further improve the smoothness. For the case where the portion 
of the preform, which is a precursor of the core portion, has 
an index gradation, this is successful in manufacturing the 
plastic optical fiber having a uniform light transmission 
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performance with a high productivity and an advanced stability. 

Stretching is preferably carried out so that the preform 
is heated and melted by allowing it to pass through a heating 
furnace (typically a cylindrical heating furnace) , and then 
5 drawn in succession. The heating temperature may properly be 
determined depending on materials for composing the preform, 
where a generally preferable range is from 180 to 250 °C. 
Stretching conditions (stretching temperature, etc.) may 
appropriately be determined considering the diameter of the 

10 resultant preform, a target diameter of the plastic optical fiber 
and materials adopted herein. In particular for the 
graded-index optical fiber, having a refractive index varies 
from the center towards the circumference as viewed on the 
transverse section, it is essential to uniformly heat and draw 

15 the fiber so as not to destruct the index profile. It is 

therefore desirable to use a cylindrical heating furnace capable 
of uniformly heating the preform in the sectional direction. It 
is also desirable for the heating furnace to have a temperature 
distribution in the direction of axis of stretching. Narrower 

20 melted portion is more advantageous in preventing the index 
profile to be distorted, and in raising the yield ratio. More 
specifically, it is preferable to carry out preheating and 
gradual cooling before and after the melted region so as to narrow 
the melted portion. It is still more preferable to use a heat 

25 source such as laser, which is capable of supplying a high output 
energy even for a narrow region. 

The stretching is preferably carried out using a 
fiber-drawing apparatus equipped with a core aligning mechanism 
for keeping the center position constant, in view of keeping the 
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linearity and roundness of the fiber. Proper selection of the 
stretching conditions makes it possible to control the 
orientation of the polymer composing the fiber , and also makes 
it possible to control mechanical characteristics such as 
5 bending performance of heat shrinkage of the fiber obtained after 
drawing. 

The tension during the fiber drawing can be adjusted to 
10 g or larger so as to orient the molten plastic as described 
in Japanese Laid-Open Patent Publication No. 7-234322, and is 

10 preferably adjusted to 100 g or smaller as not to leave any 
distortion after stretching under fusion as described in 
Japanese Laid-Open Patent Publication No . 7-234324 . It is still 
also preferable to adopt a method in which a preliminary heating 
process is provided before the stretching, as described in 

15 Japanese Laid-Open Patent Publication No. 8-106015. 

In the present invention, the stretching factor is 
preferably selected within a range from 400 times to 20,000 
times. The stretching factor of less than 400 times will result 
in only an insufficient effect of smoothening of the interface 

20 between the core and clad after stretching. On the other hand, 
the stretching factor exceeding 20,000 times will make it more 
likely to cause breakage during the stretching and to lower the 
productivity, where too strong orientation of the resultant 
fiber will considerably shrink in the longitudinal direction 

25 when the fiber is exposed to heat, to thereby largely degrade 
performances of the optical fiber. Preferable range of the 
stretching factor is from 500 times to 15,000 times, and more 
preferably from 600 times to 10,000 times. It is to be noted 
that the stretching factor refers to a value calculated based 
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on a ratio of sectional area of the preform and the resultant 
fiber. 

The fiber obtained by the above-described method can be 
improved in the bending performance or lateral pressure 
5 characteristics if the breakage elongation and hardness of the 
resultant element fiber are specified as described in the 
Japanese Laid-Open Patent Publication No. 7-244220. 

Thus-manufactured plastic optical fiber may be subjected 
to various applications without any modification, or in modified 

10 styles for the purpose of protection or reinforcement, where the 
styles include the one such as having a cover layer on the outer 
surface, having a fiber layer, and/or having a form of bundle 
of a plurality of fibers. 

Know processes for the covering, or methods of forming the 

15 cover layer around the fiber include such as extruding and 

forming a resin for coverage around the element fiber, such as 
polymerizing the monomer coated around an optical component, 
such as wrapping a sheet, and such as passing an optical component 
into an extrusion-formed hollow tube. 

20 In an exemplary case where the cover layer is formed around 

the element fiber by extrusion forming, a possible process is 
such as disposing the element fiber through opposed dies together 
forming a through-hole through which the element fiber can be 
passed, filling a molten resin for coverage in the space between 

25 the opposed dies, and conveying the element fiber between the 
dies. The cover layer is preferably not fused with the element 
fiber in view of preventing the inner fiber from stress under 
bending. The element fiber may thermally be damaged during the 
covering process while being exposed to the molten resin. It 
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is therefore preferable to set the conveyance speed of the 
element fiber so as to minimize the thermal damage, and to select 
the resin for forming the cover layer which can be fused at low 
temperatures. The thickness of the cover layer can be adjusted 
5 considering the fusing temperature of the resin for the coverage , 
conveyance speed of the element fiber, and cooling speed of the 
cover layer. 

The plastic optical fiber obtained by the method of the 
present invention is applicable to a system which transmits light 

10 signal through an optical fiber cable, where the system is 
composed of various light-emitting devices, light-receiving 
devices, other kinds of optical fibers, optical bus, optical star 
coupler, light signal processor, optical connectors for 
connection and so forth. Technologies related to these 

15 components may be any of those publicly known, and examples of 
which can be found in "Purasuchikku Oputikaru Faiba no Kiso to 
Jissai (Basics and Practice of Plastic Optical Fiber) " published 
by NTS Inc., or can be understood making reference to optical 
buses disclosed in Japanese Laid-Open Patent Publication Nos. 

20 10-123350, 2002-90571 and 2001-290055 ; optical branch/couplers 
disclosed in Japanese Laid-Open Patent Publication Nos. 

2001- 74971, 2000-329962, 2001-74966, 2001-74968, 2001-318263 
and 2001-311840; optical star coupler disclosed in Japanese 
Laid-Open Patent Publication No. 2000-241655; light signal 

25 transmitting devices and light data bus systems disclosed in 
Japanese Laid-Open Patent Publication Nos. 2002-62457, 

2002- 101044 and 2001-305395; light signal processor disclosed 
in Japanese Laid-Open Patent Publication No. 2002-23011; light 
signal cross-connect system disclosed in Japanese Laid-Open 
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Patent Publication No. 2001-86537; light transmission system 
disclosed in Japanese Laid-Open Patent Publication No. 
2002-26815; and multi-function systems disclosed in Japanese 
Laid-Open Patent Publication No. 2001-339554 and 2001-339555. 

[Examples] 

The present invention will further be explained referring 
to specific examples. It is to be noted that any materials, 
reagents, ratios, operations and so forth shown in the examples 
below may properly be modified without departing from the spirit 
of the present invention. It is therefore to be understood that 
the scope of the present invention is by no means limited to the 
specific examples explained below. 

15 [Example 1] 

(Preparation of Source Material for Hollow Tube) 

A monomer solution containing two species of monomers 
(isobornyl methacrylate (IBXMA) and methyl methacrylate 
(polymerization inhibitor and moisture thoroughly eliminated 

'20 from the both, IBXMA/MMA=2 / 8 by mass) , di-t-butyl peroxide as 
a polymerization initiator in an amount of 0.02% by mass of the 
monomer solution, and n-lauryl mercaptan as a chain transfer 
agent in an amount of 0.05% by mass of the monomer solution were 
mixed, the mixed solution was filtered through a 

25 poly (tetraf luoroethylene) membrane filter having a pore size of 
0.2 jam, sent to the reactor kept at 100 °C under nitrogen flow, 
and allowed to preliminarily polymerize for 24 hours. The 
mixture was then transferred into a screw conveyer kept at 130 °C, 
allowed to complete the polymerization within 48 hours, to 
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thereby obtain a polymer having a weight average molecular weight 
of 100,000. 

(Fabrication of Hollow Tube) 
5 The clad tube 61 was fabricated using the manufacturing 

line 50 shown in FIG . 2. A proper amount of the aforementioned 
methyl methacrylate/isobornyl methacrylate copolymer pellet was 
charged into the hopper 56 , heated and melted by the single screw 
extrusion machine having a bent, and was then extruded towards 

10 the pushing die 52. The temperature of the resin was controlled 
within a range from 190 °C to 195°C, and the apparent viscosity 
of the polymer at the exit of the pushing die 52 was controlled 
within a range from 30 , 000 to 50,000 Pa-s. The molten resin was 
fed to the molding die 53 so as to keep the extrusion speed S 

15 constantly at 0 . 6 m/min to form a soft hollow tube 60. Next, 
using the molding die 53 shown in FIG. 3 , the hollow tube 61 having 
an outer diameter of 20 mm and a thickness (of clad) of 2 mm was 
fabricated from the soft hollow tube 60. The pressure inside 
the reduced-pressure chamber 71 herein was kept to 30 kPa. The 

20 distance Li between the exit of the pushing die 52 and the plane 
opposite to the attachment plane of the throat 58 was set to 15 
mm, the resultant hollow tube 61 was sent to the cooling unit 
54 of 2.5 m long where the cooling water 81 of 15°C is sprinkled, 
and the tube was cooled there to obtain a cylindrical hollow tube 

25 (referred to as hollow tube, hereinafter) . The obtained hollow 
tube was found to have a maximum surface roughness of the inner 
wall of 0.19 pm, and a roundness of 99.5%. 
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(Manufacture of Preform and Fiber) 

An MMA/IBXMA (water content reduced to as low as 100 ppm 
or below) solution having a mixing ratio of both components of 
8:2 by weight so as to assimilate the copolymer composition of 
5 the hollow tube was prepared, the solution was then dehydrated 
overnight over Molecular Sieve so as to remove moisture and any 
possible polymerization initiators , further purified by 
allowing the solution to pass through an alumina column so as 
to remove the residual polymerization initiators, and was added 

10 with diphenyl sulfide as a refractive index adjusting agent in 
an amount of 12.5% by mass with respect to MMA. The obtained 
solution was then filtered through a poly (tetraf luoroethylene) 
membrane filter having a pore size of 0 .2 |jm, so that the filtrate 
is directly poured into the hollow portion of the hollow tube 

15 composed of the MMA/IBXMA copolymer. The filtrate is added with 
di-t-butyl peroxide as a polymerization initiator (10 hour 
half-life temperature=123 . 7 °C) in an amount of 0.016% by mass 
with respect to MMA, and with dodecyl mercaptan as a chain 
transfer agent in an amount of 0.27% by weight with respect to 

20 MMA. The PMMA hollow tube filled with MMA and so forth was 
subjected to ultrasonic degassing under reduced pressure for 5 
minutes, inserted in a glass tube having a diameter larger by 
9% than the outer diameter of the PMMA hollow tube, and the glass 
tube was allowed to stand still and vertically in a pressurized 

25 polymerization reactor. The inner atmosphere of the 

pressurized polymerization reactor was displaced with nitrogen, 
pressurized to as high as 0 . 1 MPa, and the polymerization under 
heating was carried out for 48 hours at 100 °C, which is a 
temperature selected on the basis of the boiling point T b of MMA 
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(100 °C) which is lower than that of IBXMA, and selected so as 
to be not lower than (T b -10) and not higher than the glass 
transition point T g of MMA/IBXMA (115 °C) . For reference, the 
boiling point of IBXMA is 127 °C /ISmmHg. The pressure was then 
5 raised to 0.8 MPa, and the polymerization under heating and 
annealing were further carried out for 24 hours at 120 °C, which 
is a temperature not lower than T g of PMMA and not higher than 
(Tg+40) . After completion of the polymerization/ the product 
was cooled at a cooling speed of 0.01°C/min to as low as 80°C / 

10 which is not higher than T g of the core portion of the preform, 
while keeping the pressure at 0 . 1 MPa, to thereby obtain a 
preform. It is to be noted that the half -life of di-t-butyl 
peroxide is 180 hours at 100 °C, and 15 hours at 120°C. The 
preform obtained by this process was found to contain no bubble 

15 ascribable to volume shrinkage possibly occurs when the 
polymerization completes . 

The preform was then stretched to 1,600 times in a 
stretching furnace having a preheating section conditioned at 
160°C and a melting/stretching section conditioned at 230 °C, at 

20 a drawing speed of 3.6 m/min, to thereby stably obtain a plastic 
optical fiber of 500 jam in diameter and 1,000 m in length. The 
fiber was obtained in a substantial yield of 75%, and was found 
to have a variation in the diameter of ±15 jam over the entire 
length, and a roundness of 99.3%. The fiber was also found to 

25 have a transmission loss measured at 650 nm of 170 dB/km, and 
a maximum band characteristic of 1.2 GHz/100 m. 

[Example 2] 

(Fabrication of Dual Hollow Tube) 
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Of the conditions described in Example 1, the resin to be 
adopted was replaced with poly (vinylidene fluoride) (PVDF) 
(KF-#850, product of Kureha Chemical Industry Co., Ltd., m.p.= 
178 °C) , the resin temperature during the extrusion was modified 
5 to be adjusted to 185°C to 187°C, and the apparent viscosity of 
the polymer at the exit of the pushing die was modified to be 
controlled within a range from 3,000 to 4,000 Pa*s. While 
leaving the other conditions unchanged from those described in 
Example 1, a PVDF hollow tube of 20 mm in outer diameter and 0.5 

10 mm in thickness (of the clad) was fabricated. 

Thus-fabricated PVDF hollow tube was inserted in a hollow 
tube having an inner diameter just in size for accommodating the 
PVDF hollow tube, and into the hollow portion of the PVDF hollow 
tube, the MMA/IBXMA mixed solution purified by the same method 

15 as described in Example 1, added with dimethyl-2 , 2 '-azobis 

butyrate as a polymerization initiator in an amount of 0.05% by 
mass with respect to the monomer, and dodecyl mercaptan as a chain 
transfer agent in an amount of 0.5% by mass with respect to the 
monomer, was poured up to 75% of the capacity of the hollow tube. 

20 The solution was then allowed to polymerize under heating for 
1 hour while rotating the hollow tube at 60 °C and 3,000 rpm, 
further allowed to polymerize under heating and rotation for 4 
hours at a temperature elevated up to 70 °C, and then annealed 
at 90 °C for 10 hours, to thereby obtain a cylindrical dual 

25 cladding tube (hollow tube) having a PVDF outer tube of 0.5 mm 
thick, and an inner tube of 2 mm thick composed of the MMA/IBX3^A 
copolymer and formed on the inner surface of the outer tube. The 
obtained hollow tube was found to have a maximum surface 
roughness of the inner wall thereof of 0.21 jam, and a roundness 
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of 99.4%. 

The preform was thereafter fabricated similarly to as 
described in Example 1, and then stretched under heating to 
thereby obtain an optical fiber. The fiber was found to have 
5 a transmission loss measured at 650 nm of 178 dB/km, and a maximum 
band characteristic of 1.3 GHz/100 m. 

[Example 3] 

(Fabrication of Double-Layered Hollow Tube) 

10 A melt extrusion machine (melt extrusion molding machine) 

applicable to the second type was modified so that the machine 
can produce a dual hollow tube . The process adopts the PVDF resin 
same as that used in Example 2 for the outer tube of the dual 
hollow tube, and the MMA/IBXMA copolymer prepared as a source 

15 material for composing the hollow tube in Example 1 for the inner 
tube. After the heat processes carried out similarly to as 
described in Example 1, a cylindrical hollow dual cladding tube 
having a PVDF outer tube of 0.7 mm thick , and an inner tube of 
2.2 mm thick composed of the MMA/IBXMA copolymer and formed on 

20 the inner surface of the outer tube. 

The preform was thereafter fabricated similarly to as 
described in Example 1 , and then stretched under heating to 
thereby obtain an optical fiber. The fiber was found to have 
a transmission loss measured at 650 nm of 188 dB/km, and a maximum 

25 band characteristic of 1.3 GHz/100 m. 

[Example 4] 

The preform was stretched similarly to as described in 
Example 1, except that a carbon dioxide gas laser generator with 
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a maximum output of 60 W was used as a heating source for 
stretching under melting, and that the preform was stretched 
while being rotated at a speed of 30 rpm so as to equalize the 
heat energy to be irradiated, using a rotating mechanism attached 
5 to the core aligning mechanism. 

The obtained optical fiber was similar to that obtained 
in Example 1 . 

[Comparative Example 1] 

The optical fiber was obtained similarly to as described 
in Example 1, except that the inner wall of the obtained hollow 
tube was intentionally roughened so as to have a maximum surface 
roughness of 0 . 9 |jm. The transmission loss at 650 nm of the fiber 
was found to be 530 dB/km, and the band characteristic was a 
maximum of 1.0 GHz/100 m, showing degraded performance as 
compared with those in Example 1. 

[Comparative Example 2] 

A trial under heating/stretching conditions modified from 
20 those in Example 1, in which the preform is drawn under a faster 
drawing speed and in a stretching factor of 20 , 000 times or larger 
to thereby obtain a 50-pm-diameter fiber, resulted in failure 
at a length of approximately 120 m due to breakage. The obtained 
fiber was found to have variation in the diameter as large as 
25 60 pm, and to show a distortion with a roundness only as small 
as 79%, which proved that the fiber was inappropriate for the 
practical use. 



46 



WO 2004/050335 PCT/JP2003/015219 

[Comparative Example 3] 

A hollow tube having a roughness of the inner wall surface 
of 0.6 Jim was obtained similarly to as described in Example 1, 
except that the extrusion speed of the screw extrusion machine 
5 in the process step of fabricating the hollow tube was pulsated. 
An optical fiber produced from the hollow tube after the same 
procedures as described in Example 1 was found to be far from 
good, even inferior to Comparative Example 1. 

10 [Comparative Example 4] 

A hollow tube having a roughness of the inner wall surface 
of 0.8 pm was obtained similarly to as described in Example 2, 
except that the axis of rotation of the rotating mechanism for 
the hollow tube in the process step of forming the inner tube 

15 of the hollow tube was decentered. An optical fiber produced 
from the hollow tube after the same procedures as described in 
Example 2 was found to be far from good, even inferior to 
Comparative Example 1 . 

20 Industrial Applicability 

The present invention is successful in providing a method 
of stably manufacturing a preform for producing a plastic optical 
component, having a uniform index gradation profile in the 
longitudinal direction, and having less variation in the 

25 diameter of the core portion. The present invention is also 
successful in providing a method of stably manufacturing a 
plastic optical fiber having a small transmission loss and a wide 
transmission band. 
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CLAIMS 

1 . A method of manufacturing a preform for producing a plastic 
optical component comprising a graded-index core portion and a 

5 cladding portion in which the refractive index of the core 
portion continuously decreases from its center to the outer 
radius, and the refractive index of the cladding portion is 
smaller than that of the center of the core portion by 0.03 or 
more, comprising; 

10 a first step of fabricating a polymer hollow tube for the 

cladding portion in which the inner wall of the polymer hollow 
tube has an arithmetic mean roughness of less than 0.4 pm; and 
a second step of polymerizing a polymerizable composition 
in the hollow portion of the hollow tube to thereby form the core 

15 portion. 

2 . The method of manufacturing a preform for producing a 
plastic optical component of Claim 1, wherein in the first step 
the hollow tube is fabricated by melt extrusion molding or 

2 0 injection molding. 

3 . The method of manufacturing a preform for producing a 
plastic optical component of Claim 1 or 2 , wherein the hollow 
tube is composed of a homopolymer or copolymer of a 
25 fluorine-containing monomer. 

4. The method of manufacturing a preform for producing a 
plastic optical component of any one of Claims 1 to 3 r further 
comprising, before charging the polymerizable composition to the 
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hollow tube, a step of forming an outer core layer on the inner 
wall of the hollow tube, in which the outer core layer is composed 
of a polymer having the same composition as the matrix of the 
core portion. 

5. The method of manufacturing a preform for producing a 
plastic optical component of any one of Claims 1 to 4, wherein 
the hollow tube is composed of a fluorine-containing resin 
obtained by polymerizing a polymerizable monomer composition 
containing 10% by mass or more of vinylidene fluoride. 

6 . The method of manufacturing a preform for producing a 
plastic optical component of any one of Claims 1 to 5, wherein 
the core portion has a matrix composed of an acrylic resin having 
an alicyclic hydrocarbon group as a side chain. 

7 . A preform for producing a plastic optical component 
obtained by the method of manufacturing a preform for producing 
a plastic optical component of any one of Claims 1 to 6. 

8 . A method of manufacturing a plastic optical fiber 
comprising a step of stretching the preform of for producing a 
plastic optical component of Claim 7 under heating 400 to 20,000 
times . 

9 . A plastic optical fiber obtained by the method of 
manufacturing a plastic optical fiber of Claim 8. 
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10. A polymer hollow tube for an optical component having an 
inner wall with an arithmetic mean roughness of less than 0.4 
mm . 

11. An apparatus for fabricating a polymer hollow tube for an 
optical component, comprising a manufacturing line for melt 
extrusion molding. 
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